SSC22-VII-06
A Custom Rideshare Payload Adapter for Greenhouse Gas Monitoring Microsatellites
Launched in Tandem
Kevin Guan, Eric van Velzen
Space Flight Laboratory, University of Toronto Institute for Aerospace Studies
4925 Dufferin Street, Toronto, Ontario, Canada, M3H 5T6
kguan@utias-sfl.net
Faculty Advisor: Dr. Robert E. Zee
Space Flight Laboratory, University of Toronto Institute for Aerospace Studies

ABSTRACT
The steep rise in the effects of climate change has opened new opportunities in space-based monitoring of greenhouse
gases (GHG). The Space Flight Laboratory (SFL) is currently developing GHGSat-C3/C4/C5, a group of three Earth
observation microsatellites to increase the GHGSat constellation’s emissions monitoring capabilities. Each
microsatellite is deployed into orbit with the XPOD Delta, a spacecraft dispenser developed at SFL. This paper outlines
the design of an XPOD Adapter for Launch in Tandem (XALT) to mount three GHGSat satellites on a SpaceX
Rideshare launch. The driving requirements are presented along with XALT’s key design features, including
provisions for ground support equipment. Finite element analysis was performed to confirm all launch loads can be
met with healthy margin. XALT was designed to have a first natural frequency of approximately 60 Hz to avoid
coupling with the resonant frequencies of the loaded XPOD and the launch vehicle. Vibration testing was conducted
on XALT to qualify the design for launch and to gather data. The finite element model was correlated to match
experimental data which can then be used to generate vibration testing profiles for each flight XPOD.
INTRODUCTION

To this end, the Space Flight Laboratory (SFL) at the
University of Toronto is currently developing three
additional microsatellites for the GHGSat-C3/C4/C5
mission developed for GHGSat Inc. These three
microsatellites will work independently but is referred to
as a “cluster” as they will be deployed on the same
launch. They are based on the Next-generation Earth
Monitoring and Observation (NEMO) spacecraft bus
which can accommodate a high-resolution optical
instrument for methane monitoring. This 20x30x40 cm
microsatellite bus has achieved good flight heritage as it
has been used for multiple missions developed at SFL.
By diligently following a microspace design philosophy,
SFL’s manufacturing approach has been improved to
allow larger production of their microsatellites in support
of constellation missions. GHGSat-C3/C4/C5 will add to
GHGSat’s growing constellation which provides remote
sensing of GHG emission sources around the globe. This
constellation has three operational microsatellites,
GHGSat-D, GHGSat-C1, and GHGSat-C2 that were
launched in 2016, 2020 and 2021 respectively. They
each carry a patented Fabry-Perot imaging spectrometer
with a spatial resolution as low as 25 meters.2 Industrial
facilities can be monitored with frequent re-visit times
from anywhere in the world to have improved emissions

The rapid emergence of small satellite missions fueled
by new developments in technologies for space-based
research has made space increasingly more accessible to
small organizations and educational institutions. This
new space revolution is enabling wider research in Earth
observation. The use of small satellites in greater
numbers to form a constellation is becoming an effective
method to acquire global Earth monitoring coverage.
This is particularly useful for monitoring greenhouse
gases (GHG) in the atmosphere. The rapid increase in
GHG emitted through modern human-led activities such
as burning fossil fuel, deforestation, intensive agriculture
and mining has been a large contributor to global
warming. As GHG concentration in the atmosphere
rises, so does the global mean surface temperature
(GMST). In 2020, the GMST was 1.2° higher than preindustrial baseline set between 1850 to 1900 and the past
decade has been the warmest on record.1 Rising global
temperatures have contributed to more frequent and
more severe extreme weather events around the world.
Due to new environmental regulations, large GHG
emitters need to adopt better ways to monitor and
quantify their emissions and disclose their climate risk,
which is opening new opportunities in space-based Earth
monitoring.
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information that enables industries to better measure and
ultimately reduce their GHG emissions.

When the launch vehicle reaches orbit, each spacecraft
must detach from the launch vehicle upon receiving an

In response to the increasing demand to launch large
numbers of small satellites, some launch providers now
offer Rideshare launches dedicated for small satellites.
For instance, the SpaceX Transporter Rideshare
missions are dedicated launches for small payloads
weighing up to a few hundred kilograms onboard a
Falcon 9. The new GHGSat-C3/C4/C5 cluster will be
sent in orbit on the Transporter-5 Rideshare launch in
June 2022. GHGSat-C3, C4 and C5 will each separate
from the launch vehicle using the XPOD Delta, a NEMO
spacecraft dispenser. Three XPOD Deltas must therefore
interface with the rocket’s mechanical interface port. To
achieve this, a custom XPOD Adapter for Launch in
Tandem (XALT) was developed.
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Figure 1:
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CAD Model of GHGSat-C3

electrical signal. The XPOD Delta and its predecessor
the XPOD Duo are spacecraft dispensers developed at
SFL tailored to this spacecraft bus. Both have acquired
significant flight heritage as they have been used to
deploy over ten spacecraft developed at SFL including
the GHGSat-D, GHGSat-C1 and GHGSat-C2. The
XPOD is designed to withstand severe launch loads and
vibration to be compatible with virtually any launch
vehicle.3

This paper describes the authors’ contribution in the
development of XALT, the first in-house design of a
triple XPOD launch adapter. The rationale for XALT’s
design features is presented along with related ground
support equipment (GSE) necessary for handling.
Assembly, integration and handling considerations were
included in the design process to ensure the usability of
this structure. The design was first validated by
performing structural analysis simulations according to
the maximum predicted launch load environment
onboard the Falcon 9. Next, XALT underwent a test
campaign to validate the design and to qualify it for
flight. The test data was then used to develop a correlated
simulation model of the vibration response of the fully
integrated launch payload. This high-fidelity simulation
model can produce flight-representative test profiles for
spacecraft-level qualification testing, and for obtaining
accurate prediction of load transfer. The development of
XALT demonstrates that small space organizations are
capable of building their own launch adapters to support
microsatellite clusters. By developing the launch adapter
in-house, SFL avoids the additional cost and complexity
of involving an intermediary, and retains control over the
design process and timeline which are vital aspects for
microspace missions.

Figure 2:

CAD Model of the XPOD Delta

This enclosed “jack-in-the-box” system fully constrains
the spacecraft during launch. The spacecraft and a large
compressed spring are constrained inside the XPOD with
a door that is held shut by looping a Vectran cord around
a door bracket and a heater. Once a deployment signal is
received from the launch vehicle, the XPOD electronic
board connects the batteries to the heater which then
melts the Vectran cord and releases the door allowing the
spacecraft to be ejected by the spring and pusher plate.
A door latch is present to secure the door after it swings
open. Four Delrin rails in the XPOD guide the spacecraft
trays during deployment. The tolerancing of these launch
rails were deliberately set to be large enough to allow the
spacecraft to be inserted and ejected smoothly. This
clearance, however, could allow for an ejection path
error of up to 5° about any axis. GHGSat-C3, C4, and C5
will deploy sequentially since SpaceX will provide
independent deployment signals to each XPOD.

BACKGROUND
Launch Payload Description
In this paper, the term “launch payload" refers to the
fully integrated structure mounted on the launch
vehicle’s interface port. It consists of three GHGSat
spacecraft each loaded in the XPOD Delta mounted on
XALT. The three spacecraft in this new cluster shown in
Figure 1 are identical in design and each have a mass of
approximately 16 kg. They will be deployed in a sunsynchronous orbit at an approximate altitude of 500 km.
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Therefore, there is little risk of spacecraft collision upon
ejection. However, should XALT be re-used on a
different launch vehicle, it may be possible that a single
deployment signal is provided. In this case, a sequencer
box may need to be added to split the deployment signal
into multiple signals to deploy each spacecraft. Whether
a sequencer box is used or multiple signals are provided
by the launch vehicle, there is still a chance that a
malfunction causes all signals to be delivered
simultaneously. Therefore, this mission would benefit
from an adapter design that angles the deployment path
between each XPOD by at least 10°. This would ensure
that if all XPODs deploy simultaneously with a worstcase error of 5°, the spacecraft’s deployment path will
not intersect.

for testing: quasi-static loads, sine vibration, random
vibration, and shock.5 Subjecting payloads to these loads
is conducted using a shaker table, which applies the
excitation in one axis at a time. Sine vibration testing is
a sinusoidal oscillation of the shaker that steadily
increases in frequency. Both the input acceleration of the
shaker and the responses of the spacecraft structure are
measured in units of 𝑔, where 𝑔 = 9.81 𝑚/𝑠 2 .
Structural natural frequencies will be excited during this
test, leading to measurable amplification.
Random vibration tests are so named because the input
oscillations are generated from sampling a random
distribution. This is intended to simulate a realistic
launch environment, where vibrations of different
frequencies and amplitudes are generated by the launch
vehicle simultaneously. Random vibrations are
characterized in the frequency domain by acceleration
spectral density (ASD), which has units of 𝑔2 /𝐻𝑧 and
represents the mean square of acceleration normalized to
1 Hz bandwidth.5 Random vibration tests typically apply
excitations ranging from 20 – 2000 Hz, and are
controlled to meet a testing specification of ASD as a
function of frequency. Tests last up to 120 seconds,
depending on the severity of the test. Spacecraft and
deployment structures will have a first natural frequency
(FNF) and other higher natural frequencies in this
spectral range. Simultaneous excitation of natural
frequencies creates simultaneous resonances leading to
significant amplification. Due to the amplification and
relatively long test durations, random vibration is
considered the most severe environment and often drives
design considerations for Rideshare payloads.

The Falcon 9 Rideshare launch utilizes a stack of four
dispenser rings with multiple ports to carry small
payloads into orbit. The launch payload can be mounted
to the dispenser ring via either a 15” or 24” diameter
interface port. To further reduce cost, GHGSatC3/C4/C5 shall be mounted on the 15” diameter port
shown in Figure 3 along with the payload coordinate
system. This port has an upper mass limit of 450 kg
which varies according to the X position of the center of
gravity (CG) as detailed in the SpaceX Rideshare User’s
Guide (RPUG).4 The launch payload shall also remain
within the specified maximum volume envelope to
ensure all launch payloads can be integrated on the
launch vehicle without interference. The spacecraft must
also deploy through the PLX face.

Figure 3:

For all types of launch loads, the severity at which
payloads are tested is set equal or greater than the
maximum predicted loads. The severities are grouped
into three levels: acceptance, protoflight and
qualification. Qualification testing is the most severe and
typically used to validate new designs. Acceptance
testing is the minimum for all fight units to ensure
variations in build quality have not affected known
performance. Generally, qualification testing is done on
a copy of the spacecraft designated just for the test. If the
test of a qualification model passes, identical designs can
be certified with only an acceptance test. If a
qualification model is not available like in the case of the
current GHGSat cluster, the protoflight approach is used
on the flight unit. Protoflight testing is a middle-ground
in severity and is intended to certify the design without
incurring damage so the tested unit can still fly.
Protoflight levels vary based on the launch provider, and
in the case of SpaceX this is called
‘protoqualification’.4,5 Ideally, XALT should qualify
through protoqualification so that a single model needs
to be designed and tested.

Volume Envelope allowed on the 15”
Diameter Port

Spacecraft Launch Environment
Any launch adapter must be designed to withstand the
loads occurring during the launch to orbit in the form of
static accelerations and dynamic loading (vibrations).
Launch providers have strict requirements for testing to
certify a spacecraft and adapters to fly. Launch vehicles
apply loads to their payloads through aerodynamic
acoustic vibrations, engine vibrations, steady
accelerations, and shocks from stage separations or
engine shut down. These are decomposed into categories
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XALT DESIGN

interface ring. A circular pattern of twenty-four ¼-28
threaded holes on the base plate serves as the mounting
interface to the 15” interface ring. High strength grade 8
steel screws with a length less than 1.25” were selected
to ensure they can be installed on the interface ring with
thru-holes to satisfy requirement XALT-R001.

System Layout Requirements
The launch adapter layout was mainly driven by mass
and volume constraints specified for the provided
interface port. In addition, the mounting interface for
three XPODs must be designed with sufficient clearance
for tools and to facilitate integration. In spirit of the
microspace philosophy, it should be made with
conventional material using common manufacturing
processes to reduce cost. Furthermore, it should be
assembled using regular hand tools. The main design
layout requirements are listed below.
• XALT-R001:
• XALT-R002:
• XALT-R003:
• XALT-R004:
• XALT-R005:

XALT shall interface with the 15” diameter Interface
Ring that has a circular pattern of 24 thru-holes.
XALT shall provide mounting surfaces accessible
with common hand tools for three XPOD Delta.
The XALT structure should accommodate a worstcase XPOD deployment path of 5° along any axis.
XALT’s mass and volume shall remain within the
maximum mass profile and volume envelope
specified by SpaceX with over 10% margin
XALT shall be designed with appropriate attachment
points for craning and handling procedures.

Figure 5:

XALT is made entirely of aluminum 7075 parts, a
material commonly used in the aerospace industry for its
high strength-to-density ratio. All parts are attached with
simple bolt patterns of M8 hex head screws to facilitate
assembly. The large plates are fastened together and
additional support brackets are added for improved
contact and to better distribute the loads. The total mass
of the adapter itself including all fasteners is 99.9 kg and
the total launch payload mass is 178.36 kg. Table 1 lists
the measured mass of each component integrated as the
launch payload which includes the three spacecraft, the
three XPOD Deltas including mounting fasteners,
harness tie mounts and wire harnesses.

Design Overview
XALT is designed such that three XPODs are integrated
in a “T-Formation” as shown in Figure 4. Multiple
adapter designs were investigated and this configuration
had the largest volume margin while being fully
encapsulated in the allowed volume. The design consists
of three XPOD platforms each containing four mounting
bosses with a mounting surface angled at 5°. This allows
for the nominal deployment path between each
spacecraft to be separated by 10° in order to account for
the worst-case deployment error introduced by each
XPOD thus satisfying requirement XALT-R003. Large
cutouts are added to the -Y side panel so the XPOD
mounting leg screws are accessible with a hand-held
torque wrench to satisfy requirement XALT-R002.

Table 1:

XALT (including fasteners)
GHGSat Spacecraft
XPOD Delta
XPOD Delta Mounting Screws
Harness and Tie Mounts
Total

Y
X

Mass
[kg]
99.90
16.18
9.14
0.056
1.83

Quantity
1
3
3
12
1

Total Mass
[kg]
99.90
48.54
27.42
0.672
1.83
178.36

The overall CG is 270.23mm, -7.33mm and -1.05 mm
about the payload X, Y and Z direction which is well
centered along the lateral direction. Given that the X
component of the CG is about 270 mm away from the
payload origin, the total allowed payload mass is 440 kg
which means a 59.5% mass margin is achieved. This is
well beyond the recommended 20% mass margin for the
nominal dry mass at launch according to the ESA margin
philosophy [6]. There is however an additional cost of
$5,000 per additional kg beyond 200 kg. Using a 200 kg
threshold for minimum launch cost, the mass margin is
11.48% which still satisfies requirement XALT-R004.

GHGSat-C3/C4/C5 Launch Payload

The entire GHGSat-C3/C4/C5 launch payload fits within
the maximum volume envelope shown in blue in Figure

The three XPOD platforms are attached to a large base
plate and serve as the main load transfer path from the
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6. The volume swept by the door opening has also been
modeled to ensure the spacecraft ejection does not
interfere with any other structure and does not protrude
from the volume envelope. The external volume
envelope of the launch payload itself, that is the volume
not including the interstitial spaces between components
and accounting for the XPOD with open doors, is
0.865𝑚3 . This represents a 52% volume margin which
is sufficient to allow the design to be improved for future
missions.

The craning rig to lift XALT was also designed to ensure
the feasibility of handling in the SFL facility. Hoist rings
are added to the design to allow craning in both the
assembly (vertical) orientation and the launch
(horizontal) orientation. Three metallic wire ropes are
used to lift XALT in the vertical orientation and four
wire ropes are used to lift in the horizontal orientation
which is shown in Figure 8. The center of mass of the
structure is verified to be centered within a 5cm tolerance
about the craning points to ensure all cables share similar
loading to keep the structure well balance. A cable load
analysis is performed to verify all cables can withstand
the expected weight with a safety factor above five. This
off-the-shelf solution incorporates microspace design
principles by being cost-effective, compact and well
suited to small-team operations.

Figure 6: Launch Payload in Allowed Volume
Since the spacecraft contains components vulnerable to
electrostatic discharge, XALT must be properly
grounded. Threaded studs around the structure are
included to serve as attachment points for grounding
cables during integration activity. All aluminum
components are treated with a MIL-STD-5541 chromate
conversion coating that ensures all parts remain
electrically conductive to obtain a common ground
across the entire structure.
The routing path for the wire harnesses connecting the
XPOD electronics to the dispenser ring’s electrical
bulkhead was established early in the design process to
avoid modifications after assembly. A large cutout was
added in the center of XALT’s base plate to give the
simplest path to the bulkhead. A pattern of M3 bolt holes
leading from the XPOD electronics to the cutout is
included in the design for tie mount installation as shown
in Figure 7.

Figure 8:

The rotation of XALT from vertical to horizontal is
accomplished with the simple use of an engine stand
which are used to rotate car engines for maintenance.
The GHGSat-C3/C4/C5 payload mass is around 180 kg
and the mass rating of the selected engine stand is 453.6
kg which leads to a 60% safety margin. The payload’s
CG is well within that of a typical engine so there is no
risk of the engine stand toppling over.

Figure 7: Wire Harness Routing Path
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FINITE ELEMENT ANALYSIS VALIDATION
Structural Requirements
The real complexity of this design task becomes apparent
when trying to satisfy the structural requirements which
are derived from the maximum predicted static loads and
vibration environment during launch. It is essential for
XALT to withstand these loads with no plastic
deformation to ensure the successful deployment of the
GHGSat spacecraft. The main structural requirements
for XALT are listed below.
• XALT-R006:
• XALT-R007:
• XALT-R008:

The payload shall withstand the maximum predicted
launch loads of 12g with positive margin including a
safety factor of 1.25.
The first natural frequency of the launch payload shall
be above 40 Hz and should be below 88 Hz.
The FNF of the launch payload in the payload axis
shall be decoupled by at least 10 Hz from the on-axis
FNF of the XPOD subsystem.

Figure 10:

The FEM assumes metal to metal surface contact with a
coefficient of friction of 0.5. Bolt connections are
represented using a CBAR element which acts as a rod
where the material and geometric properties of the bolt
shank can be selected. Infinitely rigid spider elements
(RBE2) connect to the joint faying surfaces to imitate the
effect of the bolt head or washer. The bar plus rigidized
zone was intended to represent the behavior of a bolt and
the clamped members as they work together in the
context of a joint. A bolt preload value can be applied to
each CBAR connection to simulate the compression in
the joint. The bolt preload (F) is calculated using
Equation 1 where T is the applied torque, K is the torque
coefficient and d is the screw diameter.

Finite Element Model
The structural integrity of XALT’s design was first
verified through simulations before the parts were
manufactured and assembled for testing. The design was
iterated until the FNF was near 60 Hz and the maximum
stresses was below the yield strength of the material.
Structural simulation is achieved using Finite Element
Analysis (FEA) which consists of taking a CAD model
of the structure and discretizing its volume into a finite
number of elements to generate a Finite Element Model
(FEM). Governing equations are applied iteratively to
calculate physical properties such as displacements,
stresses, and forces at each node of an element. This FEA
is performed in the Siemens NX 11.0 environment using
the NASTRAN solver. 3D geometries are meshed using
second order tetrahedral (CTETRA10) and hexahedral
(CHEXA20) elements. They have a node at each vertex
as well as at the midpoint of each element edge which
increases the order of the shape function used to
calculate the nodal displacements and increases the
accuracy of the simulation.7

𝐹=

𝑇
𝐾∙𝑑

(1)

The torque coefficient depends on the screw’s surface
smoothness as well as accuracy and degree of
lubrication. According to Shigley’s Structural Design
textbook,8 a value of 0.2 is adequate for simple dry
threads. All XALT parts are fastened together with M8
screws and XALT is attached to the mechanical interface
ring via twenty-four ¼-28 screws. The resulting preload
force is 7813N and 8347N for the M8 and ¼-28 screws
respectively.

The model used for this FEA is the XALT adapter
including the 15” interface ring. The ring was modeled
using technical drawings provided by SpaceX and was
included in the model since it cannot be assumed to be
perfectly rigid due to its small size relative to the overall
payload. The three XPOD Delta subsystems are each
simplified as a 25 kg 0D lumped mass element
positioned at each loaded XPOD’s CG and then
connected to the XPOD mounting holes via 1D rigid
body elements (RBE3). RBE3 are zero-stiffness load
distribution elements often used to connect point-masses
to adjacent part meshes. This simplification creates a
worst case for static analysis by not artificially increasing
the structure’s stiffness which in turn would reduce
maximum stress magnitude and gradients.
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FEM of XALT with Simplified XPOD
Mass Element

Quasi-Static Load Analysis
The quasi-static load cases are simulated using the
SOL101 Linear Statics solution type in NX. The 24 holes
used to mount the ring to the dispenser ring are fully
constrained and a gravitational load must be applied. The
maximum axial and lateral gravitational loads expected
during this launch are specified in the RPUG. The
gravitational load decreases for increasing payload mass
and should be linearly interpolated according to the best
estimate of the payload mass and applied one at a time in
each of the payload axis. For a 180 kg Payload, the axial
and lateral gravitational load factor is 5.82 and 11.42. For
flight qualification, the payload must be tested to at least
these factors with a safety factor of 1.25. For
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conservatism, the simulation will assume a load of 12 g
across all axes and a design safety factor of 2 is applied.
Therefore, 24 g is assumed in both positive and negative
direction of the three principal axes so six loading cases
are examined. The highest nodal-averaged Von Mises
stress recorded is 269 MPa and occurs in the interface
ring with loading in the -Z direction as seen in Figure 11.

Bolt Failure Analysis
The axial force along the bolt CBAR element can be
obtained directly in the post-processing tools in NX. The
axial force (𝐹𝑎𝑥𝑖𝑎𝑙 ) is the sum of the bolt preload and the
effective applied load on the joint which is the product
of a joint constant (𝐶) and the applied tensile load
(𝐹𝑡,𝑎𝑝𝑝𝑙 ) as shown in Equation 2.
(2)

𝐹𝑎𝑥𝑖𝑎𝑙 = 𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑 + 𝐶 ∙ 𝐹𝑡.𝑎𝑝𝑝𝑙

Figure 11:

The axial stress is calculated by dividing the axial force
by the bolt cross-sectional area. To ensure the bolt does
not fail in tension, the axial stress is verified to remain
within the tensile strength of the 18-8 stainless steel
bolts. Next, separation of the joint must be verified to
ensure the attached parts do not separate and load the
bolts in shear. For conservatism, it is assumed that
screws are not designed to withstand shear loading so
joint separation is considered a failure criterion.9 To
verify this, a joint constant is first calculated using
parameters of the bolt in question to obtain the bolt
stiffness (𝐾𝑏𝑜𝑙𝑡 ) and grip stiffness (𝐾𝑔𝑟𝑖𝑝 ) as per
Equation 3.

Highest Nodal-Averaged Von Mises
Stress

Since the weight of the entire payload is carried by this
single part, large bending moment is expected to cause
high stresses in this part. The maximum stress in each
XALT part is verified and shown in Table 2. For parts
that have multiple copies such as the L-brackets, only the
one with the highest stress is shown in the table.

𝐶=

𝐾𝑏𝑜𝑙𝑡
𝐾𝑏𝑜𝑙𝑡 + 𝐾𝑔𝑟𝑖𝑝

Once the joint constant is known, the required separation
force (𝐹𝑠𝑒𝑝 ) can be calculated as shown by Equation 4.
𝐹𝑠𝑒𝑝 =

Table 2: Maximum Stress in Each XALT Part
Part

15” Interface Ring
Base Plate
-Y Panel
+Z XPOD Platform
-Z XPOD Platform
+Y XPOD Platform
Middle Support
+Y Platform Support
L-Bracket A
L-Bracket B
L-Bracket C
L-Bracket D

Material Yield
Strength
[MPa]

Max Simulated
Stress
[MPa]

Safety Margin

503
503
503
503
503
503
503
503
503
503
503
503

269
109.15
117.43
98.02
86.82
107.27
71.67
81.29
174.87
192.10
167.41
178.59

46.52
78.30
76.65
80.51
82.74
78.67
85.75
83.84
65.23
61.81
66.72
64.50

𝐹𝑝𝑟𝑒𝑙𝑜𝑎𝑑
1−𝐶

(4)

Finally, the factor of safety on separation (𝑆𝑠𝑒𝑝 ) is
obtained using Equation 5.

[%]

𝑆𝑠𝑒𝑝 =

𝐹𝑠𝑒𝑝
𝐹𝑡.𝑎𝑝𝑝𝑙

(5)

The maximum bolt axial force across all quasi-static
loading cases are summarized in Table 3 for the M8 bolts
on XALT. There is generous margin of >72%, in bolt
axial stress so there is no risk of failure in tension. The
separation factors are also all positive with a lowest of
2.55 which ensures that joint separation will not occur.

The maximum stress in each part is within the yield
stress of the material so minimal deformation is
expected. Requirement XALT-R006 is met with
generous stress margin for every part which gives
confidence that the payload assembly can withstand all
expected launch loads while maintaining a high margin.
This is particularly desirable since this is the first
structure of its kind designed by SFL students. Failure of
this adapter will not only terminate the GHGSatC3/C4/C5 mission, but will also put all other Rideshare
payloads at risk. XALT was designed to be robust while
still meeting all requirements and keeping cost low.

Guan

(3)

Table 3: M8 Bolt Stress Margin and Separation
Safety Factor
Loading
Direction

+X
-X
+Y
-Y
+Z
-Z

Max
Axial
Force
[N]
7889.01
7852.23
8893.93
8815.86
9614.79
9514.45

Max
Axial
Stress
[MPa]
156.95
156.22
176.94
175.39
191.28
189.28

Tensile
Strength

Stress
Margin

[MPa]
689
689
689
689
689
689

[%]
77.22
77.33
74.32
74.54
72.24
72.53

Separation
Safety
Factor
60.37
116.97
4.25
4.58
2.55
2.70

The same analysis was performed on the ¼-28 screws
that mount the XALT to the interface ring. The selected
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bolts are high-strength grade 8 steel bolts with a tensile
strength of 1034 MPa. The lowest stress margin is 74%
and the lowest separation safety factor is 5.18.
Modal Analysis
The SOL103 Real Eigenvalues solution type is used for
modal analysis to predict the normal modes of the
GHGSat-C3/C4/C5 assembly. In this analysis, the
coupled loads induced by the presence of the XPOD
structure cannot be disregarded so a FEM of an XPOD
Delta mass dummy was created. Meshing the full CAD
of the spacecraft loaded in the XPOD would be more
accurate but would significantly increase solver time
making it impractical for design iteration. Meshing an
XPOD dummy model was a good compromise that can
give a satisfactory estimate of the modes of the payload.

Figure 12:

Figure 13:

The payload’s first natural frequency is 57.18 Hz which
meets requirement XALT-R007. The spacecraft for this
new cluster are structurally similar to the latest GHGSatC2 spacecraft. Vibration testing of GHGSat-C2 revealed
that the FNF along the XPOD’s X, Y, and Z direction
was 132 Hz, 88 Hz, and 144 Hz respectively. These
frequencies are representative for XPOD Deltas
containing NEMO spacecraft. For each FNF in the
payload coordinate system (CS), the FNF for each
XPOD along the same axis (on-axis) is listed in Table 5.
The smallest frequency separation is 55.57 Hz in X,
11.57 Hz in Y and 41.66 Hz in Z. This shows that the
FNF of the entire payload are decoupled from the FNF
of the loaded XPOD by at least 10 Hz to meet
requirement XALT-R008. This ensures that the
resonance of XALT does not induce large resonance
onboard the loaded XPODs.

FEM used for Modal Analysis

The same fixed constraints and bolt preloads as used for
the quasi-static analysis are used for this simulation. The
modal effective mass fractions for the first 11 modes are
extracted to investigate the modes with highest mass
participation in each axis. The first mode with highest
mass participation in the X, Y, and Z direction occur at
185.66 Hz, 76.43 Hz, and 57.18 Hz respectively and the
first mode shape is shown in Figure 13. Note that the
magnitude of the displacement is not accurate although
the shape of the mode is correct. Up to 50 modes were
verified to ensure that these are indeed the modes with
highest mass participation for each axis.
Table 4:
Mode
1
2
3
4
5
6
7
8
9
10
11
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Table 5:
Payload FNF
(Payload CS)
X: 185.66 Hz
Y: 76.43 Hz
Z: 57.18 Hz

Comparison of Payload FNF to on-axis
XPOD FNF
On-Axis +Z
XPOD FNF
144 Hz
88 Hz
132 Hz

On-Axis -Z
XPOD FNF
144 Hz
88 Hz
132 Hz

On-Axis +Y
XPOD FNF
144 Hz
132 Hz
88 Hz

ADAPTER TEST CAMPAIGN
XALT underwent environmental testing to meet three
objectives: to verify that the as-built adapter meets
design requirements; to determine vibration levels at the
input to the XPOD and spacecraft; and to refine the FEM
model to more closely match reality for future analysis.
XALT is a new design so there was uncertainty about its
performance during testing. To account for this
uncertainty, the environmental testing was conducted
well in advance of the launch to permit redesign and
remanufacture of XALT if required.

List of Modes and Mass Participation
Frequency
[Hz]
57.18
69.82
76.43
101.80
142.07
142.62
143.80
151.98
183.22
185.66
195.45

First Mode Shape at 57.18 Hz

Mass Participation
X
Y
Z
[%]
[%]
[%]
0.00
0.02
33.14
0.00
0.02
14.37
0.32
46.30
0.00
0.00
0.00
0.25
0.03
0.07
0.01
0.03
0.03
0.01
0.01
0.01
0.00
0.00
1.39
0.00
18.94
0.05
0.14
49.36
0.04
0.08
0.31
0.01
0.51

As a consequence of this scheduling, the three spacecraft
XALT carries and their XPOD Delta dispensers were not
constructed at the time of testing. This required XALT
to be tested using the single spacecraft mass model that
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was available inside an engineering model (EM) XPOD,
and with two other mass dummies representing the
combined XPOD and spacecraft. A photo of XALT in
the test set up is shown in Figure 14.

The test results validate the FEM analysis of FNF at the
XPOD. In the XPOD coordinate frame the FNFs are: 72,
56, and 184 Hz, in the X, Y, and Z directions
respectively. These match extremely well with the FEM
predictions, within 2% on the lowest FNF.

XPOD
Dummies

The random vibration response measured at each XPOD
location were used to create specifications for unit
testing of the flight XPODs with spacecraft. The random
vibration responses are sufficiently different between
each of the three XPOD locations that a different
specification was created for each position. The
alternative of generating testing specifications to
encompass all measured responses created levels that
would have constituted a significant over test of the
flight units. The random specification envelope for the
+Y XPOD is shown Figure 16 for an input in the X-axis
of the XPOD frame at protoqualification levels.

EM XPOD +
Mass Model

Figure 14:

XALT Vibration Testing Setup

ASD (g2/Hz)

ASD (g2/Hz)

0.001
20

0.01

20

Figure 15:

Guan

X FNF

Z FNF
200 Frequency (Hz)

2000

The test campaign also included sine vibration, quasistatic loading, and shock testing, all of which validated
the XALT analysis. To evaluate XALT for damage
during testing, a low-level sine (LLS) sweep was
conducted between each test on a given axis (quasistatic, sine, random, and shock). The LLS sweep was
conducted with a constant 0.5g over a spectrum of 52000 Hz. Failure in XALT would be indicated by an FNF
frequency shift of 20%, or more, or a truncation of FNF
peaks. A comparison of the first and last LLS in the Zaxis for the +Y-XPOD shows that the natural frequency
only shifted only 3 Hz, or 0.5% and that peaks remain.
Furthermore, after all vibration tests were complete, a
spacecraft deployment test was performed with the EM
XPOD onboard XALT. The door released nominally and
deployment telemetry was received indicating that the
structural integrity of the XPOD had not deteriorated
during testing.

0.1

Y FNF

200
Frequency (Hz)

Figure 16: Random X Response Test Specification
for +Y XPOD Unit Testing

Protoqualifcation Input
+Y XPOD X Output
+Y XPOD Y out
+Y XPOD Z Out

0.001

0.1

0.01

Test results were compiled based on the vibration input
in the launch payload axes and the on-axis accelerometer
measurements. The results were differentiated by each of
the three XPOD mounting locations on XALT, as the
output amplitudes vary significantly from one location to
the next. For brevity, only the random vibration results
for the +Y XPOD location are shown in Figure 15. This
is the XPOD location that featured an EM XPOD and a
spacecraft mass model during the test. The random
vibration input (Falcon 9 protoqualification [4]) is also
shown.

1

Protoqualifcation Input
+Y XPOD X Out
Random X Test Specification

1

Accelerometers to record responses were placed in seven
locations on XALT during testing. Two mounting bosses
for each XPOD had accelerometers, and a final
accelerometer was put on the mass model for the
payload, onboard the spacecraft mass model. The test
was performed to protoqualification levels, to ideally
allow the same unit tested to be flown, reducing cost.

2000

Random Response measured on +Y
XPOD during XALT Test
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Model Description
Acceleration (g)

3

The same mesh of the interface ring, XALT and the two
XPOD mass dummies used for the modal analysis can be
used for the FEM of the test setup. However, the
dynamics of the more detailed EM XPOD structure must
be captured in the model. A Craig-Bampton (CB)
reduced model of the GHGSat-C2 tuned to match with
testing data created by another SFL member was used to
represent the EM XPOD. A CB model uses a reduction
approach that simplifies the stiffness, mass and damping
of a detailed model into a matrix form with limited
interface nodes and degrees of freedom (DOF).7 CB
reduced models are common in the space industry as it
allows the launch provider to import multiple payload
CB models to efficiently run a coupled loads analysis.
The FEM of the test setup shown in Figure 18, ensures
that there is a one-to-one relationship between the
simulated data and the real data.

1
-1

-3

First LLS XPOD Foot 1
First LLS XPOD Foot 2
Last LLS XPOD Foot 1
Last LLS XPOD Foot 2

-5
20

200

Frequency (Hz)

2000

Figure 17: Low Level Sine +Y XPOD Location
SIMULATION MODEL CORRELATION
Analysis Motivation and Overview
As explained previously, the spacecraft and XPOD
assembly cannot be tested by directly applying a
vibration profile at the XPOD mounting legs as it would
not account for the possible attenuation or amplification
caused by the XALT structure. Using real test data, the
finite element model can be correlated to produce more
accurate simulation results in order to generate a higherfidelity FEM of the payload in its launch configuration.
This can be utilized to obtain more flight-like estimates
of the ASD levels at the mounting feet of any of the three
XPODs given any arbitrary input vibration profile at the
ring interface. Since it was required that the spacecraft
and XPOD would be tested at protoqualification levels,
the measurements obtained during the XALT
protoqualification testing could be used to generate a test
profile. However, if acceptance or qualification testing
was required for the XPODs or if the response given a
different random input vibration from another launch
vehicle are to be investigated, then a simulation model
would be needed.

Figure 18: FEM of Test Setup
The ASD plots are produced using the NX SOL103
Response Dynamics solution type. This method allows
the user to input a vibration profile at any selected
enforced motion location. However, this method does
not allow face contacts between parts which means
utilizing bolt preloads along with face contacts is not
possible as was done for the modal analysis. This
increases the complexity of this task since the previous
simulation model which yielded good FNF results
compared to test data cannot be used. The bolted
connections with CBAR elements are replaced with
CBUSH elements which are 1D generalized spring and
damper elements.7 It is versatile, has powerful
capabilities and one element is sufficient to define
stiffness along multiple degrees of freedom which helps
with tuning the results. A simple trade study was
performed to characterize the difference between a joint
connection using CBAR and CBUSH elements. It was
determined that beyond a translational stiffness of 10 10
N·m, the FNF would no longer change and would still be
underpredicted when compared to equivalent CBAR bolt
connections with preload values. According to a study
on bolted joint design performed by the Sandia National
Laboratories,10 the bolt head diameter can be increased

To do this correlation, a response dynamics simulation
was run using the protoqualification random vibration
profile as the input excitation and the FEM was tuned
until the response ASD at the XPOD mounting legs
match experimental data. To simplify this analysis, the
frequency range of interest is set to 20-400 Hz. This
frequency range covers the relevant fundamental
frequencies of the XALT and of the loaded XPOD.
Reproducing similar results for frequencies above 400
Hz is not critical since the XPOD isolates high frequency
inputs from being passed to the spacecraft. The first step
was to create a high-fidelity FEM of the XALT in its test
configuration which includes the FEM of two XPOD
dummies and of the EM XPOD. Having achieved that, a
reliable FEM of the entire launch payload in its launch
configuration can be generated by replacing the FEM of
the XPOD dummies with that of the EM XPOD.

Guan
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to artificially increase the overall stiffness of the joint.
Keeping a stiffness of 1010 N·m, the head diameter had
to be increased by 80% for the FNF to correspond to the
FNF obtained with the CBAR elements. Varying the bolt
head diameter will be used as the primary method to tune
the stiffness of the structure in specific regions.

although not shown, the first mode for the Y excitation
results should be increased from 65 Hz to 76 Hz. Most
of these high amplitude modes are underpredicted,
especially those in the Y and Z direction. Since these are
both in the bending direction of the payload structure,
stiffening the interface ring itself can improve the results.
Instead of constraining the circular hole pattern, it is
preferable to constrain the ring’s bottom surface entirely.
The bolt head diameter of the interface ring bolt was also
further increased by 100%. This increase in stiffness
caused the FNF in Y and Z to increase by a few hertz and
the peak at 186 Hz in the X-response plot increased to
222 Hz. The mode shape reveals that this mode
represents bending about the top edge of the +Y XPOD
platform as seen in Figure 21 by the region in red
representing higher deformation. Note that the
magnitude of displacement is irrelevant so it is omitted.

Results
For this analysis, the protoqualification random vibration
profile was applied in each axis independently. The onaxis acceleration data is extracted at a node on the boss
for two legs of each XPOD where the accelerometers
were positioned. Since there are two nodes of interest on
each of the three XPOD platforms and the simulations
are repeated in three axes, there is a large data set which
cannot be presented conveniently. For simplicity, a
single set of results in the payload longitudinal (X) and
lateral (Z) direction are presented and only the results for
the +Y XPOD are shown. The results obtained with the
original FEM show similar peak positions for the FNF in
each axis which makes sense as those are the primary
XALT modes which are easier to capture. The
discrepancies may be explained by inaccurate stiffness
on the XPOD models and applying inaccurate viscous
damping factor.
REAL: Foot1
REAL: Foot2
Protoqualification Input
SIM: Foot1
SIM: Foot2

ASD (g²/Hz)

1

Figure 21: Mode Shape at 222 Hz given an X
Random Vibration

0.1

The head diameter of the bolts in the region of high stress
is increased to 50 mm. This procedure of observing the
mode shape and stiffening the structure locally to shift
the larger peaks was repeated until the simulated data
roughly matched the experimental data in each axis for
each XPOD. When the peaks were aligned horizontally,
the amplitude of the peaks is adjusted by selecting a
viscous damping factor for each mode. The maximum
mass participation for each mode was compiled along
with the associated damping factor. This allows to
determine the recommended viscous damping factor for
a given mass participation as shown in Table 6. This will
help with setting an appropriate viscous damping value
once the FEM is modified to represent the flight
configuration.

0.01

0.001
0

Figure 19:

200
Frequency (Hz)

300

400

Simulated and Test ASD along X
REAL: Foot1
REAL: Foot2
Protoqualification Input
SIM: Foot1
SIM: Foot2

10
1

ASD (g²/Hz)

100

0.1
0.01

0.001

Table 6: Viscous Damping for given Mass Participation

0.0001
0

Figure 20:

100

200
Frequency (Hz)

300

Mass Participation
0% - 5%
5% - 10%
>10%

400

Simulated and Test ASD along Z

To improve these results, the mode at 186 Hz shown in
the random X response plot should be increased to
roughly 235 Hz. In the Z response plot, the first and
second mode at 54 Hz and 87 Hz should be increased to
roughly 56 Hz and 100 Hz respectively. Similarly,

Guan

Suggested Viscous Damping
3.5 %
5%
6.75%

The final ASD plots using the tuned viscous damping
values are shown in the following figures. The FNF is
matched quite well for both mounting legs. There are still
discrepancies between the test and simulated data, but
generally show similar trends.
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ASD (g²/Hz)

1

The XALT is designed to mount three XPOD Deltas and
interface with the Falcon 9’s 15” interface ring with over
10% mass margin and 52% volume margin compared to
the requirement. XALT addresses the XPOD’s
deployment range of angles to ensure the safety of the
spacecraft during deployment and can accommodate all
necessary GSE. Structural analysis was performed to
ensure the maximum stress in each part is below the yield
strength of aluminum 7075 and a minimum stress margin
of 46% is achieved. Bolt stresses had over 72% stress
margin and joint separation was analyzed to ensure no
failure points in the structure’s joints. A modal analysis
was performed and the launch payload’s FNF was
roughly 58 Hz to avoid frequency coupling. A full suite
of vibration testing was performed to qualify XALT for
flight and validated the simulated first natural frequency
which was accurate to within 2%. A simulation model
was correlated to test data to be able to generate flightlike vibration testing profiles for the loaded XPODs. The
ASD results obtained using the correlated simulation
model had an average 𝐺𝑟𝑚𝑠 difference of 9% when
compared to test data across the 20-2000 Hz range.

Test: Foot1
Test: Foot2
Protoqualification Input
SIM: Foot1
SIM: Foot2

0.1

0.01

0.001
0

100

200
Frequency (Hz)

300

400

Figure 22: Simulated and Test ASD along X
Test: Foot1
Test: Foot2
Protoqualification Input
Sim: Foot1
Sim: Foot2
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Figure 23: Simulated and Test ASD along Z
To quantify the accuracy of these results, the 𝐺𝑟𝑚𝑠 of the
ASD response averaged at both XPOD feet obtained
from this correlated model is compared with that of the
experimental data. The average difference in 𝐺𝑟𝑚𝑠 across
all simulations performed in the 20-400 Hz range is
21.26%. To verify the accuracy over the entire 20-2000
Hz range, the average 𝐺𝑟𝑚𝑠 was calculated again and led
to a total difference of 9.10 %. A difference of 20% or
less is deemed acceptable due to the difficulty of
modeling vibration response on models involving
multiple assemblies.
Table 7:
Axis of
Excitation
X

Y

Z
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